During cellular stress, translation persists or increases for a number of stress-responsive proteins, including cellular inhibitor of apoptosis 2 (cIAP2). The cIAP2 transcript includes a very long (2.78-kb) 5 untranslated region (UTR) with an unusually high number of upstream AUGs (uAUGs), i.e., 64, and a stable predicted secondary structure (⌬G Х ؊620 kcal/mol) that should completely block conventional scanning-dependent translation initiation. This region did not facilitate internal ribosome entry in vitro or when RNA reporter transcripts were transfected into cells. However, several structural features within the cIAP2 5 UTR were observed to be nearly identical to those required for ribosome shunting in cauliflower mosaic virus RNA and are well conserved in cIAP2 orthologs. Selective mutation revealed that the cIAP2 mRNA mediates translation exclusively via ribosome shunting that bypasses 62 uAUGs. In addition, shunting efficiency was altered by stress and was greatly facilitated by a conserved RNA folding domain (1,470 to 1,877 nucleotides upstream) in a region not scanned by shunting ribosomes. This arrangement suggests that regulation of cIAP2 shunting may involve recruitment of RNA binding proteins to modulate the efficiency of translation initiation.
The antiapoptotic cellular inhibitor of apoptosis protein 2 (cIAP2) (also called BIRC3) is a direct inhibitor of active caspases and also possesses E3 ubiquitin ligase activity, which mediates the polyubiquitylation and degradation of the key cell death proteins Smac/Diablo and RIP (20, 32) . Largely localized to the mitochondria, cIAP2 also directs the monoubiquitylation of caspases 3 and 7 as well as DEDD, which in the latter case relocalizes the proapoptotic DEDD from the nucleus to the cytoplasm (21, 27) . cIAP2 is an oncogene, and its overexpression not only has been associated with neoplastic progression in a variety of cancers (7, 11, 22, 26) but also may be an early event in the progression of pancreatic cancer (12) . Thus, its expression is tightly regulated both at the transcriptional and translational levels. Indeed, in certain instances, cIAP2 mRNA is present in the absence of cIAP2 protein (1, 30) .
The majority of cellular mRNAs are translated through m 7 G cap-dependent recruitment of the 40S ribosomal subunit to the 5Ј end of a mRNA, followed by linear scanning downstream to the first AUG codon in proper initiation context, where 60S subunit joining and translation begin (24) . However, three major alternative mechanisms are used by ribosomes to facilitate or regulate access to AUGs found further from the 5Ј cap. First, the presence of a few (one to four) short upstream open reading frames (uORFs) in the 5Ј untranslated region (UTR) serve to downregulate translation of the mRNA but allow relative activation when eIF2-Met-tRNAi-GTP ternary complexes are limited due to increases in phosphorylated eIF2␣. For ATF4 and GCN4 mRNAs, this is really a regulated reinitiation mechanism that allows more ribosomes to bypass uORFs to reach the true start codon, thereby activating its translation during amino acid starvation or endoplasmic reticulum (ER) stress (14, 25) . Second, ribosomes may bypass the m 7 G cap entirely and be recruited to the mRNA by an internal ribosome entry site (IRES) present in the mRNA (23) . A third alternative initiation mechanism, ribosome shunting, has been characterized primarily in viruses, including Sendai virus, cauliflower mosaic virus (CaMV), rice tungro bacilliform virus, and adenovirus (Ad) (6, 13, 35, 45) . The mechanism involves the translocation of a ribosome from an upstream shunt donor region to a downstream shunt acceptor on an mRNA, often bypassing multiple uORFs and regions of stable secondary structure.
During cellular stress, the cap-dependent scanning mechanism for translation initiation is rapidly inhibited by multiple mechanisms (8) . Under these circumstances, alternative initiation mechanisms facilitated by uORFs and IRES elements activate translation of a variety of proteins that are critical to the cellular stress response (23) . Similarly, shunting within the 216-nucleotide (nt) 5Ј UTR of human HSP70 mRNA stimulates the translation of this protein during heat shock, although the predominant mechanism for HSP70 translation in unstressed cells remains cap-dependent scanning (46) .
Unconventional mechanisms of translational initiation have most often been observed in transcripts containing a long, highly structured 5Ј UTR that inhibits ribosome scanning. The mRNA transcript coding for cIAP2 fits this description, as it contains a very large (2.83-kb) 5Ј UTR that contains 64 uAUGs. It seemed highly unlikely to us that the predominant mechanism of translation initiation on this long leader was conventional ribosome scanning. Thus, we examined this 5Ј UTR for its ability to mediate translation initiation via an alternative mechanism.
The 5Ј UTR of cIAP2 displayed no IRES activity, but analysis of predicted secondary structures revealed a remarkable similarity to structural elements required for ribosome shunt-ing in CaMV (18, 33, 34, 47) . Selective mutagenesis of these regions confirmed that cIAP2 translation is indeed mediated by a ribosome shunt that is highly similar to the CaMV shunt in both structure and function. We propose a model in which the 43S ribosome binds the cIAP2 mRNA 5Ј cap, scans only a short distance before translating a short uORF, and then is shunted across the base of a highly stable RNA stem. This allows the ribosome to bypass 62 of the 64 uAUGs present in the cIAP2 5Ј UTR and places the shunted 40S ribosome just upstream from the cIAP2 start codon. This shunt mechanism tightly regulates cIAP2 translation, and we show that cIAP2 translation efficiency is rapidly altered by cell stress in 293T cells, being either activated or repressed by different stressors. To our knowledge, this is the first description of a mammalian mRNA that translates exclusively by shunting.
MATERIALS AND METHODS
Cell culture. Cells were maintained in Dulbecco's modified Eagle medium (Invitrogen) and 10% fetal bovine serum (HyClone Labs, Logan, UT). Growth was at 37°C, 5.0% CO 2 , and 95% relative humidity, and cells were split 1:5 every 2 to 3 days at Ͻ85% confluence.
Construct assembly. All constructs were derived from a pRL-HCV-FL backbone, as described previously (38) . This construct contains a 35-bp poly(A) region with a 3Ј AgeI site downstream of FLuc. The cIAP2 5Ј UTR was amplified via reverse transcription-PCR (RT-PCR) from total RNA of HeLa S3 cells and inserted between the RLuc and FLuc cistrons to form pRL-cIAP2-FL. This sequence corresponds to the 5Ј UTR of the cIAP2 transcript described in GenBank record NM_001165, except for one less thymidine in a poly(T) region spanning nt 142 to 150. The original cIAP2 start codon was retained and inserted in frame with FLuc, creating a FLuc ORF with six extra N-terminal codons. Monocistronic p-cIAP2-FL was constructed by inverse PCR to eliminate RLuc. Construction of php-cIAP2-FL included a 143-bp region that forms a stable RNA hairpin (⌬G ϭ Ϫ60 kcal/mol) inserted at a unique NheI site located immediately upstream from the cIAP2 5Ј UTR. Other clones were obtained using site-directed mutagenesis to alter specific bases or inverted PCR to delete specific regions. All clones were verified by both restriction digestion and sequencing.
In vitro transcription and translation. In vivo stability of in vitro-transcribed mRNA was facilitated by a 35-nt poly(A) region present in all constructs that included a unique AgeI site at its 3Ј end. Each construct was linearized by AgeI, and in vitro transcription was performed using T7 RNA polymerase (New England Biolabs) in a typical reaction mixture containing either an ARCA cap analog [3Ј-O-Me-7-methyl-G(5Ј)ppp(5Ј)guanosine] or an ApppG cap analog [adenosyl(5Ј)ppp(5Ј)guanosine) (New England Biolabs) at a ratio of 4:1 versus GTP. Translations were performed with fresh, nonnucleased HeLa translation extracts. Reporter luciferase activity was quantified with a luciferase assay kit (Promega).
Transient transfection of mRNA. To avoid splicing artifacts in vivo, we transcribed m 7 G-capped and polyadenylated reporter mRNAs in vitro, transfected them into cells, and measured FLuc production after 7 h. We have shown that these reporter mRNAs are stable for at least 7 h following transfection (38) . In monocistronic experiments, cotransfection of an RLuc reporter mRNA containing a short (40-nt) 5Ј UTR (pRL) controlled for transfection efficiency and also provided an indicator of conventional scanning-mediated translation. Cells were plated at 1.25 ϫ 10 5 /well in 12-well plates and attached overnight. Transfections combined 500 ng/well mRNA with 3 l DIMRE C reagent (Invitrogen) and 50 ng/well pT7-RLuc RNA and included 2% fetal bovine serum. Luciferase activity was measured as described above. Treatment with various stress-inducing agents was maintained during mRNA transfection.
RNA analysis. RNA secondary structure predictions were computed using the Web-based Mfold algorithm (v. 3.1) at http://frontend.bioinfo.rpi.edu/applications /mfold/. Capped and polyadenylated RNAs were radiolabeled with [ 32 P]ATP (ϳ2 Ci/100 l) during in vitro runoff transcription with T7 RNA polymerase and were used to assess concentration, integrity, and stability of transcripts following transfection into cells. Stability of radiolabeled RNAs in transfected 293T cells was determined by harvesting cells at specific times posttransfection and extracting RNA immediately into TRIzol reagent (Invitrogen). RNA samples were analyzed by separation on glyoxal-dimethyl sulfoxide agarose gels and transferred to Hybond-Nϩ nylon membranes before exposure to X-ray film.
Northern analysis to assess endogenous expression of cIAP2 transcript was performed by isolating poly(A) mRNA on oligo(dT) cellulose and then running 2 g RNA/well on a 1% NaHPO 4 -buffered gel denatured by the established glyoxal-dimethyl sulfoxide method. RNA was then transferred to Hybond Nϩ nylon (GE Healthcare) and exposed to film. Following transfer, cIAP2 mRNA was detected with an ␣-32 P-labeled RNA probe complementary to the last 500 bases of the cIAP2 coding region. The probe was hybridized 2 h at 70°C in Rapid Hyb buffer (GE Healthcare), followed by autoradiography.
RT-PCR was used to assess endogenous cIAP2 transcripts from whole-cell RNA isolated using Trizol (Invitrogen) according to the manufacturer's protocol. Primers representing nt 1 to 22 (sense) and nt 2761 to 2783 (antisense) were incorporated into RT-PCR protocols with avian myeloblastosis virus reverse transcriptase (Promega) which was extended at 42°C for dual cycles. PCR amplification was performed with Accuprime Pfx polymerase (Invitrogen) for 25 cycles. RNase H scission of in vitro-transcribed cIAP2-FL RNA was performed by annealing an antisense primer to nt 1386 to 1412 of the cIAP2 5Ј UTR for 30 min at 30°C and then incubating with RNase H (0.5 U) (Invitrogen) for 30 min at 30°C.
Immunoblotting for cIAP2. Cells were lysed in radioimmunoprecipitation assay buffer, and 30 g of total protein resolved via 12% sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene difluoride, blocked 1 h in Tris-buffered saline with Tween plus 3% milk, probed with 1:500 anti-cIAP2 polyclonal antibody (Ab) (clone H-85; Santa Cruz Biotechnologies) followed by a horseradish peroxidase-conjugated anti-rabbit immunoglobulin F(abЈ) 2 fragment (catalog no. 515-036-072; Jackson Immunoresearch Labs), and detected on film using a luminescent substrate. Normalization for protein loading was performed using a monoclonal Ab specific to ␣-tubulin (catalog no. T6199; Sigma).
Detecting homology between cIAP2 orthologs. BLAST searches were performed using the ENSEMBL genome browser (Wellcome Trust/Sanger Institute). Where mRNA transcript data remain incomplete and the sequence of the full 5Ј UTR is currently unknown (i.e., dog, opossum), the homologies shown were derived from genomic sequences immediately upstream from the coding region of each cIAP2 ortholog.
RESULTS
The cIAP2 gene produces a transcript of approximately 5.5 kb that is known to be expressed in nearly 20 different normal human tissues (3, 10, 30, 40) . This transcript is also the sole species expressed in both large-cell lymphoma and mesothelioma tumors (15, 22) . A second, smaller cIAP2 transcript of 2.7 kb (containing a 223-nt 5Ј UTR) is reportedly expressed in normal testis tissue (10) . However, this observation was not replicated by a different laboratory using testis-derived mRNA derived from the same commercial source (36) .
The 5.5-kb cIAP2 transcript contains an very large 5Ј UTR of 2.78 kb, including a very high number of upstream AUGs (64 uAUGs) ahead of the true cIAP2 start codon (Fig. 1) . Six of these AUGs are within perfect initiation context, while 13 other AUGs are in good context. We found that this 5Ј UTR also is predicted by Mfold analysis to contain a thermodynamically stable stem structure that can loop out 90% of the 5Ј UTR, including 62 of the 64 uAUGs (Fig. 1) . We sought to determine how such a lengthy and complex leader could effectively mediate translation.
The cIAP2 5 UTR mediates translation in a cap-dependent manner and not via an IRES. We examined cIAP2 translation by placing the 5Ј UTR of the cIAP2 transcript immediately upstream from a firefly luciferase (FLuc) reporter gene (pcIAP2-FL) ( Fig. 2A) . A dicistronic construct was also created by placing a Renilla luciferase (RLuc) reporter gene upstream from the cIAP2 5Ј UTR (pRL-cIAP2-FL). Reporter constructs were transcribed in vitro to produce m 7 G-capped and poly(A)-tailed transcripts, and equimolar amounts were translated in nonnucleased HeLa cell translation extracts for 30 min. De-spite its immense length and complexity, the 5Ј UTR of cIAP2 initiated translation at approximately 25% the rate of a short (40-nt) unstructured 5Ј UTR in a monocistronic context (p-FL), both in vitro (Fig. 2B , left) and when transfected into 293T cells for 7 h (Fig. 2B, right) . However, insertion of a stable RNA hairpin structure (⌬G ϭ Ϫ60 kcal/mol) at the 5Ј end of the cIAP2 5Ј UTR to prevent cap-dependent ribosome scanning (php-cIAP2-FL) inhibited FLuc production by 98% (Fig. 2C, lane 2) . Likewise, replacing the m 7 G cap with an ApppG cap analog that cannot bind eIF4E largely inhibited translation of the wild-type 5Ј UTR in both the absence (lane 3) and presence (lane 4) of an upstream stable RNA hairpin. . uAUGs contained within perfect or good Kozak consensus sequences are depicted as black or gray, respectively. Also depicted are an internal oligopyrimidine (oligoPy) tract and poly(A) sequence (white boxes), seven large stem-loop folding domains (D1 to D7, predicted by Mfold analysis), and two inverted repeat sequences (black boxes) that are predicted to form a highly stable RNA stem structure and bring the two ends of the 5Ј UTR into close proximity. A scale with hatch marks at 10-nt intervals is shown below the RNA.
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A RIBOSOME SHUNT MEDIATES cIAP2 TRANSLATION 2013 In agreement with the in vitro results, transfection of these same reporter transcripts into 293T cells likewise demonstrated a strong translation cap dependency (Fig. 2D) . We also transfected dicistronic RNAs containing the cIAP2 5Ј UTR into 293T cells to test for potential IRES activity (graphed as the ratio of IRES-mediated FL initiation versus cap-dependent RL initiation) (Fig. 2E) . In comparison to a dicistronic reporter RNA containing the HCV IRES (or a negative control containing an inverted HCV IRES), potential IRES-mediated translation was not detected (Fig. 2E, left) . Likewise, when 293T cells were treated with 1 M thapsigargin for 6 h to induce ER stress (beginning 1 h posttransfection), no stress-induced cIAP2 IRES activity was detected (Fig. 2E,  right) .
Having ruled out the presence of an IRES, we sought an alternative explanation for how this complex 5Ј UTR could be efficiently translated in a cap-dependent manner. When Zuker's Mfold algorithm (47) was used to determine thermodynamically stable RNA secondary structure, several structural features were detected within the cIAP2 5Ј UTR that are remarkably similar to features required for ribosome shunting in the plant pararetroviruses (19) . The best-characterized pararetroviral shunt is located in the 35S RNA of CaMV, which requires a short uORF in an average-to-good initiation context immediately preceding a highly stable stem structure (Fig. 3A) . Not only were these same structural features found within the cIAP2 5Ј UTR, a context nearly identical to the CaMV shunt, but they were also extremely well conserved in the transcripts for many putative cIAP2 orthologs (Fig. 3B) . A search of the Ensembl database revealed a high degree of sequence homol- ogy in the putative cIAP2 5Ј UTRs from species such as dog (Canis familiaris), opossum (Monodelphis domestica), and chicken (Gallus gallus), among others (Fig. 3B) . Although the presence of an extended cIAP2 5Ј UTR has yet to be confirmed in many species due to a lack of expressed sequence tag data, the widespread conservation of the short uORF and stable stem structure known to be required for shunting in CaMV strongly suggested that shunting may be a relatively ubiquitous mechanism for regulating cIAP2 expression in higher vertebrates.
The cIAP2 5 UTR mediates translation via ribosome shunting. We tested the cIAP2 5Ј UTR for its ability to support ribosome shunting by selectively mutating the structural features known to be essential for efficient shunting in CaMV (Fig. 4A) . These cIAP2 5Ј UTR mutant reporters were in vitro transcribed and then translated in vitro using nonnucleased HeLa cell extracts (Fig. 4B) . We also assessed the activity of these cIAP2 5Ј UTR mutants in vivo by transfecting equimolar amounts of m 7 G-capped and polyadenylated RNA directly into cells for 6 h, and then measuring Luc activity as an indicator of translational efficiency ( Fig. 4B and C) . The relative stability of cIAP2 reporter RNAs in cells was monitored by transfecting radiolabeled RNA, which was extracted at time points and analyzed on denaturing glyoxal gels (Fig. 4D) . All cIAP2 RNAs used in this study displayed relatively equivalent decay rates in vivo.
A region of double-stranded RNA that forms a stable stem is an essential structural element for all known ribosome shunts and seems to facilitate ribosome transfer from the shunt donor region to the shunt acceptor. We selectively deleted 55 nt (bp Ϫ2521 to Ϫ2576) from the cIAP2 5Ј UTR in a region that comprises the front half of the conserved stable stem region depicted in Fig. 3B [Fig. 4A , p-cIAP2(⌬stem)-FL]. While this deletion encompassed less than 2% of the total length of the 5Ј UTR, translation was inhibited by over 90% (Fig. 4B and C) . To confirm that this inhibition was due to a loss of stem stability, a more conservative mutation was made by changing three adjacent guanosines to cytidines (bp Ϫ2577 to Ϫ2580) within the lower portion of the stable stem [ Fig. 4A , p-cIAP2(mutStemlo)-FL]. Even this seemingly minor change inhibited translation by approximately 75% (Fig. 4B and C) , demonstrating that stable base-pairing within this region is essential for efficient cIAP2 translation.
Ribosome shunting in CaMV requires the translation of a short uORF located immediately upstream from the stable stem (Fig. 3A) (19) . To examine the role of the analogous uORF located within the cIAP2 5Ј UTR (nt Ϫ2605 to Ϫ2602), the start codon of uORF2 was mutated from AUG to AUC [Fig. 4A, p-cIAP2(⌬uORF2)-FL] . This one nucleotide change inhibited translational efficiency by 63% in vitro and 81% in vivo ( Fig. 4B and C) , demonstrating that similar to CaMV, a small uORF located immediately upstream from a stable stem plays a critical role in facilitating cIAP2 translation.
Intriguingly, deletion of the first 1,230 nt of the 5Ј UTR [ Fig.  4C, p-cIAP2(⌬1-1230) -FL] reduced the total length of the 5Ј UTR by 44% yet inhibited translation by a more modest 60 to 65%. We had hypothesized that this deletion should inhibit nearly all translation by removing the entire shunt donor region, including uORF2 and the front half of the stable stem. Nevertheless, it seems possible that a less-efficient alternate shunting mechanism may have been utilized by this mutant, since 27 uAUGs would remain, as well as other stable stem structures that presumably inhibit scanning. Indeed, Hemmings-Miezczak and Hohn demonstrated that these two features are all that is required to permit a low-level of constitutive ribosome shunting (16) . To further explore scanning versus shunting translation mechanisms, cIAP2-FL RNA was annealed with a DNA primer specific for nt 1386 to 1412 of the 5Ј UTR, near putative RNA folding domains 3 and 4 (Fig. 4A) , and then treated with RNase H to degrade the short (26-nt) RNA region complementary to the primer, producing a noncontiguous RNA reporter. Translation of capped undigested and digested cIAP2-FL RNAs in vitro showed RNase H treatment did not destroy translation, as would be expected if ribosome scanning were required on a contiguous RNA through the entire 2,783 nt; rather, translation levels were maintained at control levels (data not shown).
The uORF that facilitates cIAP2 translation is the second uORF in the 5Ј UTR. Thus, the scanning 43S ribosome would presumably need to bypass the first uORF (located at nt Ϫ2702 to Ϫ2646) by leaky scanning in order to reach the shunt donor site. We investigated whether uORF1 affects cIAP2 translational efficiency by adding a single base to create a frameshift mutation that increased the length of uORF1 from 19 to 37 codons [ Fig. 4A, p-cIAP2(fsORF1)-FL] . Translation initiated at uORF1 in this mutant would bypass both uORF2 and the putative shunt donor site, terminating 17 bases downstream from the end of uORF2. When tested, this frameshift mutation inhibited translation in vivo by only 25%, indicating that either a majority of scanning ribosomes bypassed uORF1 to initiate translation downstream at uORF2 or translation of an elongated uORF1 also allowed shunting at a point downstream from uORF2 (Fig. 4C) . Given the poor initiation context of uORF1, and the fact that shorter uORFs appear more conducive to shunting (17) , it seems likely that most scanning ribosomes bypass uORF1.
The cIAP2 5Ј UTR is comprised of two exons: the first is 109 nt in length and contains the start of uORF1, while the second extends for 3,507 bases and includes the putative shunt donor and acceptor regions, as well as the first 834 nt of the cIAP2 coding region (Fig. 1) . Despite its small size, genetic homology searching suggests that exon 1 may be conserved among mammalian orthologs of cIAP2 (data not shown). To assess the effect of this region on translational efficiency, we selectively deleted exon 1 [ Fig. 4A , p-cIAP2(⌬Ex1)-FL] from the cIAP2 5Ј UTR. While an increase in translational efficiency was anticipated due to the simultaneous deletion of uORF1, translation was actually inhibited by ϳ20% (Fig. 4C) . Thus, despite harboring the inhibitory uORF1, exon 1 appears to slightly facilitate cIAP2 translation by an undefined mechanism.
The conserved stable stem and short uORF2 together comprise only a small portion of the cIAP2 5Ј UTR. An additional ϳ2.48 kb (and 62 uAUGs) are present that are looped out above the conserved stable stem and presumably are bypassed by the shunting ribosome. To assess the potential role of this sizable region in regulating cIAP2 translation, we first deleted it in its entirety and added an additional stable hairpin (⌬G ϭ Ϫ60 kcal/mol) that blocks scanning ribosomes (Fig. 2C and D on January 11, 2018 by guest http://mcb.asm.org/ translation (by ϳ90%) (Fig. 4C) . These results imply that the stable stem alone was not sufficient to enable efficient cIAP2 shunting, and that the additional 2.48 kb of sequence present above the stem serves a purpose other than simply preventing ribosome scanning. We next looked for conserved regions present in the 5Ј UTRs of orthologous cIAP2 transcripts. The highest homology fell within an area we defined as putative RNA folding domain 3 (Dom 3). In fact, the canine cIAP2 ortholog contained two highly homologous regions within Dom 3 of 208 nt (80.7% identity to human cIAP2) and 120 nt (73.3% identity to human cIAP2) (data not shown). Consequently, we selectively deleted Dom 3 (bp Ϫ1878 to Ϫ1471) [Fig. 4A , bottom, p-cIAP2(⌬Dom 3)-FL] and observed a profound inhibition of FLuc translation of approximately 80% (Fig. 4B and C) . In direct contrast, the combined deletion of two nonconserved putative RNA folding domains we termed "Domains 4ϩ5", (bp Ϫ1341 to Ϫ542) [Fig.  4A , bottom, p-cIAP2(⌬Dom 4ϩ5)-FL] did not affect constitutive translational efficiency ( Fig. 4B and C) .
Lastly, we examined whether the location of the cIAP2 start codon was critical for maintaining cIAP2 translational efficiency. We reasoned that if a shunted ribosome were to land upstream of the start codon and then encounter it via conventional scanning, moving the start codon further downstream would not affect translational efficiency. Yet, if the start codon placement were critical for shunting, moving the start codon might inhibit cIAP2 translation. Our reporter constructs contained the cIAP2 start codon fused in frame six codons upstream from the FLuc start codon. Thus, deletion of the cIAP2 start codon would cause a shunted ribosome to initiate translation 18 nt further downstream. The resulting mutant [ Fig.  4A , pcIAP2(⌬AUG)-FL] showed no significant difference in translational efficiency versus the wild-type leader (Fig. 4C) , suggesting that after landing, the shunted ribosome can scan to the next codon in good context to initiate translation.
Translation mediated by the cIAP2 5 UTR is modulated by cellular stress. Since the IRES-mediated translation of several antiapoptotic proteins is modulated by stress, we sought to determine whether the efficiency of cIAP2 shunting was also stress responsive. We avoided transfecting DNA reporter constructs, since during the course of our studies, we observed that drug-induced stress caused an unexpected splicing of our DNA reporters (data not shown). Instead, equimolar amounts of capped and polyadenylated cIAP2 reporter RNAs were transfected into 293T cells or MCF-7 cells. Then, 1 h posttransfection, cells were treated with various stress-inducing substances for 6 h before being harvested and assayed for relative Luc reporter activity. An RLuc reporter mRNA containing a short (40-nt) 5Ј UTR (Fig. 5A , p-RL) was cotransfected to monitor conventional scanning-mediated translation initiation. In both cell lines, translation mediated by the cIAP2 5Ј UTR (Fig. 5A , p-cIAP2-FL) increased in response to low-level sodium arsenite (NaArs) treatment. Six hours of treatment with levels of NaArs too low to induce stress granules (5 to 20 M) increased cIAP2 5Ј UTR-mediated FLuc production nearly threefold in 293T cells (Fig. 5B) , while a longer (16-h) treatment with 1 to 8 M NaArs stimulated cIAP2 5Ј UTR-mediated translation nearly fivefold in MCF-7 cells (Fig. 5C) . Although short-term treatment with NaArs often stimulated scanning-mediated cellular translation slightly, this stimulation never exceeded about 1.5-fold in either cell line (Fig. 5B and C) . Etoposide treatment also stimulated cIAP2 5Ј UTR-mediated translation, increasing FLuc accumulation in 293T cells nearly twofold after 6 h treatment with 25 to 100 M (Fig. 5B and C) . Once again, this increase occurred despite little change in conventional scanning-mediated cellular translation during treatment. MCF-7 cells proved more sensitive to etoposide treatment, and control FLuc translation declined with increased doses. Etoposide also stimulated cIAP 5Ј UTR-mediated translation compared to the control RNA, despite an overall decrease in translation at high doses.
However, not all stress-inducing agents stimulated cIAP2 5Ј UTR-mediated translation, as treatment with 40 to 80 M hydrogen peroxide (H 2 O 2 ) for 16 h caused a significant decrease in 5Ј UTR-mediated translation in both MCF-7 and 293T cells versus scanning-mediated cellular translation ( Fig.  5B and C) . Likewise, thapsigargin treatment significantly decreased cIAP2 5Ј UTR-mediated translation relative to scanning-dependent translation in both cell types (Fig. 5B and C) . Analysis of transfected cIAP2 reporter RNA in 293T cells treated with stress agents revealed no significant differences in RNA stability (Fig. 5D) .
Deletion of conserved internal domains inhibits constitutive, but not stress-modulated cIAP2 shunting. To determine how stress altered shunting efficiency within the cIAP2 5Ј UTR, we specifically deleted either the internal RNA folding domain Dom 3 or Dom 4ϩ5. We reasoned that the highly conserved Dom 3 might attract RNA-binding proteins that could modulate the efficiency of shunting-mediated translation initiation during stress. As seen previously, etoposide treatment did not affect overall cellular translation rates by 6 h, as indicated by the cotransfected RLuc reporter. Meanwhile, etoposide induced translation mediated by the wild-type cIAP2 5Ј UTR (p-cIAP2-FL) nearly 2.5-fold (Fig. 6) . Notably, while deletion of conserved Dom 3 [p-cIAP2(⌬Dom3)-FL] inhibited constitutive shunting by 80% (as previously observed), this did not prevent etoposide treatment from eliciting a similar induction in translation (Fig. 6) . Etoposide treatment caused a similar absolute increase in ⌬Dom 3-mediated translation compared to the wild-type 5Ј UTR; however, the increase in 
A RIBOSOME SHUNT MEDIATES cIAP2 TRANSLATION 2017 translation efficiency of the ⌬Dom 3 mutant was much higher due to its significantly lower baseline translation rate. In stark contrast, deletion of the nonconserved Dom 4ϩ5 [p-cIAP2 (⌬Dom 4ϩ5)-FL] had no significant effect on either constitutive shunting or etoposide-mediated inducibility (Fig. 6) . Thus, Dom 3 appears to play a significant role in facilitating constitutive shunting, although neither Dom 3 nor Dom 4ϩ5 appears to mediate the stimulation of shunting efficiency caused by etoposide treatment. Stress-induced changes in endogenous cIAP2 protein are consistent with cIAP2 translation being controlled by a stressmodulated ribosome shunt. To confirm the physiological significance of our reporter data, we first attempted to assess the translation rate of endogenous cIAP2 in drug-treated cells via pulse-labeling, followed by immunoprecipitation with cIAP2 Ab. Unfortunately, none of the available cIAP2 antibodies we tested were able to immunoprecipitate endogenous cIAP2.
Thus, we examined endogenous cIAP2 protein levels in response to the same drug treatments that altered translation efficiency in our cIAP2 reporter constructs. 293T cells were treated with increasing concentrations of etoposide, thapsigargin, or NaArs for 18 h, followed by cell lysis and immunoblotting for cIAP2 (Fig. 7) . These treatments caused changes in cIAP2 levels that correlated well with the changes in translational efficiency we had previously observed in vivo following drug treatment (Fig. 2) . Tumor necrosis factor alpha was used as a positive control to stimulate cIAP2 levels through known transcriptional activation (Fig. 7) . Etoposide treatment likewise increased cIAP2 levels, and thapsigargin treatment caused a dose-dependent decrease in cIAP2 levels, while increasing NaArs concentrations correlated with an increase in cIAP2 levels (Fig. 7) .
Endogenous cIAP2 mRNA expression is consistent with a stress-modulated ribosome shunt. Previous work established on January 11, 2018 by guest http://mcb.asm.org/ that stress-induced splicing can remove secondary structure from a complex 5Ј UTR to permit increased translation (5) . Also, a smaller (2.7-kb) cIAP2 transcript (containing a 223-nt 5Ј UTR) has been reported (GenBank NM_182962), although evidence for its expression in vivo is questionable. To ensure that stress-induced alternative splicing did not produce a shorter endogenous cIAP2 5Ј UTR capable of mediating translation by conventional cap-dependent scanning, we performed Northern analysis of poly(A) RNA isolated from untreated 293T cells and RNA from cells that had been treated with 40 M etoposide, 8 M NaArs, or 1 M thapsigargin for 7 h. We simultaneously wanted to determine whether the 5.5-kb transcript of cIAP2 (containing the 2.8-kb 5Ј UTR) was the sole cIAP2 transcript in several cell lines. Thus, poly(A) RNA from Jurkat (T cells), MCF-7 (breast carcinoma), and HeLa (cervical carcinoma) were also examined (Fig. 8) .
As expected, a 5.5-to 6.0-kb cIAP2 transcript was observed in all of the cell lines, although only at a trace level in Jurkat cells (Fig. 8) . More importantly, in 293T cells, neither the size nor relative levels of this cIAP2 transcript were significantly altered (compared to actin mRNA loading controls) following any of the above-mentioned treatments. The smaller (2.7-kb) cIAP2 transcript was not observed in any of the cell lines utilized.
DISCUSSION
The expression of cIAP2 protein is highly regulated, undoubtedly reflecting its importance in controlling cell fate. cIAP2 levels are often induced by environmental stress (9, 28) , while its stability is regulated both by Omi-mediated cleavage (39) , as well as cIAP1-mediated ubiquitylation and degradation (4) .
Adding an additional layer of control, we show here that the 2.78-kb 5Ј UTR of the cIAP2 mRNA regulates cIAP2 translation, not by an IRES, but through a ribosome shunting mechanism that appears well-conserved in the cIAP2 orthologs of marsupials and other mammals, as well as birds (Fig. 3) . To our knowledge, this represents the first example of a mammalian transcript, be it eukaryotic or viral, that apparently translates exclusively by shunting. Consequently, the cIAP2 shunt also demonstrates for the first time that cellular stress can alter shunting efficiency, rather than simply altering the percentage of translation initiation that occurs by shunting. For example, 
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on January 11, 2018 by guest http://mcb.asm.org/ shunting within the 216-nt 5Ј UTR of HSP70 facilitates its translation during heat shock because heat stress restricts conventional scanning-mediated translation initiation, thereby increasing the percentage of total HSP70 translation that is shunt mediated (46) . However, the HSP70 transcript is relatively short, and it has not been proposed to shunt exclusively, even during stress. Efficient shunting in the cIAP2 5Ј UTR appears to require several structural features that are nearly identical to those required for shunting in the 35S mRNA of CaMV, including (i) a 5Ј cap structure, (ii) a three-codon uORF at the shunt donor site, and (iii) a stable double-stranded RNA stem beginning 6 to 7 bp downstream from the uORF (37) . We have found that these features are all likewise required for efficient translation mediated by the cIAP2 5Ј UTR. Although it remains unclear exactly how these structural features facilitate cIAP2 shunting, recent studies examining shunting in the pararetroviruses CaMV and rice tungro bacilliform virus may provide clues. Shunting in CaMV is enhanced by the viral protein TAV, which facilitates translation reinitiation (37) . TAV can replace eIF4B in the initiation complex, but only after translation of a short uORF. It then seems to facilitate CaMV shunting by helping to retain eIF3 and other initiation factors both during and after translation of the uORF that is required for CaMV shunting (37) . Our data suggest that the efficiency of cIAP2 shunting during stress may also be controlled by one or more trans-acting regulatory factors.
Postulating that the extreme length of the cIAP2 5Ј UTR may provide numerous sites for the binding of regulatory factors, we selectively deleted regions within the 2.5 kb of sequence that is looped out by the conserved stable stem of the cIAP2 shunt. Within this region, the highly conserved Dom 3 appeared to be important for cIAP2 shunting, as its selective deletion inhibited constitutive shunting by 80% (Fig. 4B and  C) . The role of this domain may involve recruitment of an RNA-binding protein or components of the translational apparatus, but this remains to be seen. That the deletion of the nonconserved Dom 4ϩ5 had no significant effect on constitutive cIAP2 shunting reinforces the apparent importance of Dom 3 in this process. Surprisingly, however, neither of these deletions prevented the stress-induced changes in shunting efficiency we observed earlier, suggesting that the determinants controlling this reside elsewhere.
Translation initiation by shunting may be favored over conventional ribosome scanning in a cellular environment where stress induces eIF4E dephosphorylation, leading to postulated instability between the components comprising the initiation factor eIF4F (45, 46) . However, this theory is inadequate to fully explain the translational advantage provided by many shunts. For example, both Ad and CaMV shunts are facilitated by trans-acting proteins derived from the viral genome that stimulate shunting severalfold (31, 44) . The unusual length and complexity of the cIAP2 5Ј UTR suggest that the regulation of its shunting should prove even more elaborate, potentially involving trans-acting factors that either facilitate or inhibit cIAP2 shunting during stress. Indeed, we observed an increase in cIAP2 shunting efficiency after etoposide treatment in the absence of significant global inhibition of translation, supporting the involvement of one or more trans-acting factors (Fig.  5B to D) . It seems clear that for cIAP2, the advantage of shunting is how it enables the cell to quickly modulate cIAP2 protein expression during cell stress.
We treated cells with relatively low concentrations of stressinducing agents and harvested them at relatively early times in order to observe the cellular antiapoptotic response, including potential changes in cIAP2 shunt-mediated translation. Surprisingly, cIAP2 shunting was rapidly inhibited by treatment with thapsigargin and H 2 O 2 , and it may be that cIAP2 shunting is preferentially inhibited by stresses that induce eIF2␣ phosphorylation. Thapsigargin selectively inhibits the sarcoplasmicendoplasmic Ca 2ϩ ATPase, which induces the unfolded-protein response due to increased cytoplasmic Ca 2ϩ and lowered on January 11, 2018 by guest http://mcb.asm.org/ ER Ca 2ϩ . The unfolded-protein response leads to PERK-mediated phosphorylation of the ␣ subunit of initiation factor eIF2, preventing the recycling of the ternary complex and inhibition of translation (43) . Similar to thapsigargin, H 2 O 2 -induced stress also leads to rapid phosphorylation of eIF2␣ following an increase in cytosolic Ca 2ϩ (41) . If cIAP2 shunting truly depends upon translation of uORF2, downstream translation initiation at the true cIAP2 start codon would require ribosomal reinitiation. In this instance, reinitiation would necessitate prompt reacquisition of ternary complex, since the shunted 43S ribosome presumably scans just 20 bases further before reaching the true cIAP2 start codon. Therefore, delays in ternary complex reacquisition caused by increased eIF2␣ phosphorylation might prevent initiation at the true cIAP2 start codon.
Etoposide treatment significantly stimulated cIAP2 shunting efficiency; however, etoposide inhibits translation not by increasing phosphorylation of eIF2␣ but rather by increasing the sequestration of the cap-binding protein eIF4E by 4E-BP1. Etoposide inhibits topoisomerase II, leading to DNA damage and p53 activation. Activated p53 causes rapid dephosphorylation of 4E-BP1, which then sequesters eIF4E and inhibits translation initiation (42) . Even so, the strong enhancement of cIAP2 shunting in response to etoposide seems unlikely to be attributable solely to sequestration of eIF4E, as conventional scanning-mediated translation appeared to be uninhibited after 6 h of etoposide treatment (a relatively early time point). It seems more likely that etoposide treatment induces the expression and/or activity of a trans-acting stimulator of cIAP2 shunting efficiency, although this remains to be confirmed.
A similar scenario seems likely for NaArs-mediated stimulation of cIAP2 shunting. Although NaArs treatment increases oxidative stress, inhibits DNA repair, and can also induce eIF2␣ phosphorylation at higher concentrations (29) , NaArs treatment at lower concentrations can actually stimulate cell metabolism (2) . In agreement with this, we never observed a decrease in conventional scanning-mediated translation following low-level NaArs treatment in either 293T cells or MCF-7 cells (Fig. 5B and C) . Certainly, the next step in examining how stress modulates cIAP2 shunting efficiency will be to search for proteins that specifically bind to the cIAP2 5Ј UTR in either the presence or absence of cellular stress.
